Plasmid pMET7C containing a 6.05 kb DNA insert from Clostridium acetobutylicum P262 made Escherichia coli F19 cells sensitive to metronidazole. The nucleotide sequence of the C. acetobutylicum DNA controlling metronidazole sensitivity in E. coli F19 revealed an ORF of 972 bp which encoded a protein of 324 amino acids with a calculated M, of 35000. The amino acid sequence encoded by the ORF contained a helix-turn-helix DNAbinding domain and was homologous to the catabolite control protein, CcpA, from Bacillus subtilis and Bacillus megaterium, a tRNA repressor of E. coli encoded by the shl gene, and the GalR, Lac1 and PurR repressors of E. coli. The C. acetobutylicum ORF, which was termed regA, complemented a 6. subtilis ccpA mutant and an Em coli shl mutant, but was unable t o complement E. coli galR, lac/ or purR mutants. T o determine whether the regA gene product was involved in the regulation of amylase gene expression in C. acetobutylicum, a starch-degrading enzyme gene (staA) from C. acetobutylicum NClMB 8052 was cloned. The RegA protein inhibited the degradation of starch by the C. acetobutylicum staA gene product in E. coli.
INTRODUCTION
Clostridizlm acetobzltJyliczlm is a Gram-positive, endosporeforming, obligate anaerobe which produces acetone, butanol and ethanol from a variety of carbohydrate substrates including starch and molasses. In batch culture, C. acetobzltJyliczrm produces hydrogen, carbon dioxide, acetate and butyrate during the initial growth phase (acidogenic phase). The onset of solvent production involves a switch in the carbon flow from the acidproducing pathways to the solvent-producing pathways (solventogenic phase), and is accompanied by morphological changes and the appearance of solvent-forming enzymes . A second major morphological and physiological differentiation step occurs at the end of the solventogenic phase with the initiation of sporulation. Although the physiological conditions required to trigger solventogenesis (Bahl & & Woods, 1989; Rogers, 1984) and sporulation (Long e t a/., 1984a, b) have been investigated, the molecular mechanisms controlling differentiation or substrate utilization remain obscure. C. acetobutJyliczlm grows very well on starch but little is known about the starch utilization system(s) or the regulation of the amylase enzymes. Glucose repression of amylase has been reported in C. acetobzltJyliczrm 824 (Annous & Blaschek, 1990) .
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Plasmid pMET7C was isolated as part of a study on the molecular characterization of genes from C. acetobzltJyliczrm involved in the electron-transfer system which are able to activate the drug metronidazole in Escherichia coli (Santangelo et al., 1991) . The presence of pMET7C rendered E. coli F19 sensitive to metronidazole. In the work described here, nucleotide sequencing and database analysis of the deduced protein sequence of the region affecting metronidazole sensitivity in E. coli indicated that it contained a regulator gene, regA, which had 40% identity to the ccpA gene of Bacillzrs szlbtilis. The regA gene complemented a ccpA mutant of B. szlbtilis and repressed the expression of a C. acetobzltyliczlm gene capable of degrading starch.
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METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 (Sambrook et al., 1989) . Anaerobic growth of E. coli was carried out in an anaerobic glove box (Forma Scientific). T o support growth of E. coli via anaerobic respiration or via fermentation, bacteria were grown respectively in LB supplemented with 0.2 % (w/v) NaNO, and 0.1 % (w/v) glucose, or in the complex medium (pH 8.0) described by Clark & Cronan (1980) supplemented with 1 % (w/v) glucose.
Plasmid pMEl7C. Plasmid pMET7C, isolated by Santangelo e t al. (1991) , contained a 6.05 kb DNA insert from C. acetobu@icum in pEcoR251 (Zabeau & Stanley, 1982) . E. coli F19(pMET7C), and was sensitive to 20 pg metronidazole ml-'. The region of DNA on pMET7C which was responsible for the increase in sensitivity to metronidazole was termed the regA gene (Fig. 1) .
Cloning of genes encoding C. acetobutylicum starch-degrading enzymes. Gene libraries in pEcoR251 were constructed with DNA isolated from C. acetobtltylicum P262 and NCIMB 8052 (Zappe et al., 1986) . Recombinant pEcoR251 plasmids were selected on LB agar containing starch azure (0.4 YO, W/V) and ampicillin (100 pg ml-'). Three colonies that were surrounded by clear zones and were resistant to ampicillin were isolated.
Recombinant DNA procedures. Restriction endonucleases were obtained from several sources (Amersham, Boehringer Mannheim, New England Biolabs and Promega) and were used as specified by the manufacturers. The enzymes exonuclease I11 and S1 nuclease were obtained from Boehringer Mannheim. a-32P-and ~~~S -l a b e l l e d nucleotides were obtained from Amersham.
Plasmid DNA was prepared by the alkaline-hydrolysis method of Ish-Horowicz & Burke (1981) . C. acetobuplicum chromosomal DNA was prepared by the method of Marmur (1961) , which was modified (Zappe et al., 1986) to overcome the high nuclease activity exhibited by C. acetobutylicum (Urano et al., 1983) .
For exonuclease I11 digestion, the C. acetobutylicum insert-DNA from pMET7C was subcloned into the PstI site of the phagemid Bluescript KS (Stratagene). Progressive deletions of this clone from both the 5' and the 3' ends of the insert were generated by unidirectionally digesting XhoI-ApaI and BamHI-Sac1 fragments with exonuclease I11 (Henikoff, 1984) , respectively. The deletions were transformed into E. coli JMl05 and transformants were selected on LB agar containing 100 pg ampicillin ml-', giving plasmids pCar4-8 (Fig. 1) .
Nucleotide sequencing. The nucleotide sequence of both strands of pCar5 containing the metronidazole-active region was determined using overlapping DNA fragments generated by exonuclease I11 digestion as described above. Nucleotide sequencing was carried out by the dideoxy chain-termination method (Sanger et al., 1977) , according to the protocol outlined by Tabor & Richardson (1987) , using the Sequenase DNA sequencing kit (USB). The DNA chains were radiolabelled with [35S]dATPaS (1200 Ci mmol-l, 44.4 TBq mmol-l; Amersham). The nucleotide and deduced amino acid sequences were analysed on a VAX 6000-330 computer using the GCG suite of sequence analysis programs (Devereux e t al., 1984 (Henkin et al., 1991) . The ability of the C. acetobutylicum regA gene to complement the B. subtilis ccpA mutation was determined by insertion of regA into an SPP-specialized transducing phage vector, and integration into the chromosome of strain WLN-29 (Zuber & Losick, 1987) .
The effect of the C. acetobtltylicum regA gene on the regulation of acetolactate synthase activity and acetoin production was determined in B. subtilis . Acetoin was assayed qualitatively by the Voges-Proskauer reaction (Conn et al., 1957 (Leclerc e t al., 1990) .
RESULTS
Plasmid pMET7C and metronidazole sensitivity
Plasmid pMET7C containing a 6.05 kb insert of C. acetobutylictlm DNA, was isolated in E. coli F19 by screening for transformants sensitive to 20 pg metronidazole ml-' (Santangelo e t al., 1991). pMET7C cells overproduced a 100 kDa protein which was easily observed on SDS-polyacrylamide gels, and was further characterized to determine the role that this large protein might play in metronidazole sensitivity. Exonuclease I11 shortenings of pMET7C indicated that the large protein and the metronidazole sensitivity were determined by different regions of the 6-05 kb insert DNA on pMET7C (Fig. 1 ). The metronidazole sensitivity region was localized on a 2.6 kb derivative of pMET7C (pCar5). Sequencing of this subclone revealed a truncated ORF of 892 bp (bases 278-1 169 ; Fig. 2 ). Colony hybridization, using pMET7C as a probe, was used to isolate a 6-5 kb clone from C. acetobutylictlm pEcoR251 plasmid-pools constructed by Zappe e t al. (1986) . This newly isolated recombinant plasmid contained the entire ORF of the gene coding for metronidazole sensitivity and was named pCarl (summarized in Fig. 1 ). and the C. acetobzigliczim endoglucanase gene (Zappe et al., 1988) . A putative promoter region showing extensive homology to the Gram-positive promoters regulating the C. acetobtltylicum g l n A gene was detected at nucleotide positions 212-217 and 237-242 ( Fig. 2 ) (Janssen e t al., 1990) . Another relevant feature in the DNA sequence was the presence of two stem-loop structures downstream of the regA gene. This dyad symmetry region is indicative of factor-independent terminators (Brendel & Trifonov, 1984) . Just downstream from the first of these regions is a stretch of eight consecutive thymine residues. The dyad symmetry allows for the formation of stable hairpin structures in the RNA transcript, and has been implicated in slowing down the polymerase, whereas the thyminerich region allows for the formation of an rU-dA hybrid that facilitates release of the transcript (Martin & Tinoco, 1980) . Partial DNA sequencing of ORF2, which lies upstream of the regA gene and encodes the 100 kDa protein on the pMET7C, indicated that it has homology to a tRNA synthetase.
Sequence comparisons at the amino acid level suggested that the deduced protein encoded by the regA gene was a DNA-binding protein (Fig. 3) . The deduced amino acid sequence encoded by regA showed 40 % identity to the B. stlbtilis ccpA gene product, and 38% identity to the B. megaterim ccpA gene product (Fig. 3) . The RegA protein also showed considerable homology to PurR (34 % amino acid identity), Lac1 (24% identity) and Shl, a tRNA repressor from E. coli (21 YO identity). The amino terminal region of the RegA protein contained an amino acid sequence which has been shown to form a helixturn-helix structure and was very similar to the DNAbinding domains of other repressor proteins (Fig. 3 ) (Adler e t al., 1972; Sauer e t al., 1982) .
Complementation of E. coli regulatory mutants
E. coli supH is a supressor mutation that relieves the auxotrophies associated with the presence of leu and ih mutations. However, when E. coli contains the sbl gene (suppressor H-linked phenotype) on a multicopy plasmid, the growth of mpH cells is prevented on minimal medium (Leclerc e t al., 1990) while there is no inhibition of growth of an E. coli wild-type host. Since the C. acetobutylictlm regA gene product showed homology to the E. coli sbl gene product, the ability of the regA gene to complement the shl gene was determined. Transformation of the E. coli GD40 leu szipH mutant with pCarl containing the C. acetobugliczim regA gene resulted in the inability of the E. , 1982) . The vector in plasmids pCarl, pCar2 and pCar3 is the integrative shuttle vector, pDH88 (Henner, 1990 T   110  130  150  170  190  ACAC?AAGATAAGTAGAACGATTTCAAAATATAAAAAGCGAGATAATTGGAACTAAATGTAATAATTATATTGAAATTAAAGAAAAAT?ATTATT?AT   210  230  250  270  2 ccpA mutant with the recombinant SPP phage containing the intact C. acetobzltJlictlm regA gene restored the ability to produce acetoin in the LB + glucose medium, but both the transductants with the truncated regA genes (Table 2) were unable to produce acetoin.
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Cloning of C. acetobutylicum starch-degrading enzyme genes
Since the regA gene from C. acetobtlt_yliczmz P262 complemented a B. sz&ilis e c -A mutant, the ability of the regA gene to regulate the expression of a C. acetobtct_ylictlm gene was investigated. A C. acetobzltyliczlm P262 gene bank was screened extensively in E. coli JM105 for the presence of an amylase-type gene, but no amylase gene was detected by this method. In contrast, the screening of a similar gene bank containing C. acetobut_ylict/m NCIMB 8052 DNA yielded three E. coli JMl05 transformants which were ampicillin-resistant and surrounded by clear zones on blue starch-azure agar plates. E. coli JMl05 colonies containing an ampicillin-resistant control plasmid did not produce clear zones on the starch-azure agar containing ampicillin. One of the recombinant plasmids pEcolO6 was chosen for further study and was characterized by restriction endonuclease mapping and contained a 8.5 kb insert of C. acetobut_ylicum DNA. 
VAMRLLTKYMNKETVDSSIVQLPHRIEFRQSTK-VAMRLLTKLMNKEPVEEHIVELPHRIELRKSTKS VAMRMLIKLLNKKELDEPNYVLEHELIEREST-I
* * * * + * * * * .. * * * * * * 
Regulation of starch-degrading activity by pEcol06
The ability of the C. acetobtlglictlm regA gene to affect the production of starch-degrading activity encoded by pEcolO6 was determined. The starch-degrading region from pEcolO6 was contained on a 10.7 kb BamHIHind111 fragment ; this fragment was subcloned into pACYC184 to give plasmid pACYCStarl, which was compatible with pCarl. Starch-degrading activity was determined in E. clearly repressed starch-degradation activity in liquid medium (Fig. 4) .
DISCUSSION
The initial aim of this study was to identify C. acetobtl@ctlm electron transport genes which reductively activate metronidazole. In a previous study, we reported the isolation of 25 clones which rendered E. coli F19 sensitive to metronidazole (Santangelo e t al., 1991) . One of these clones, pMET7C, was chosen for further study since it produced a 100 kDa protein in E. coli F19 cells. Subcloning of the C. acetobtlolictlm DNA on pMET7C indicated that the 100 kDa protein was not involved in the metronidazole sensitivity of E. coli transformants, but that a second gene on pMET7C rendered E. coli F19 sensitive to metronidazole. Surprisingly, the C. acetobtltJlictlm gene product responsible for metronidazole sensitivity in E. coli F19 did not share any properties or amino acid homology with proteins associated with electron transport or with enzymes capable of carrying out reduction regA regulator gene from C. acetobutylicum reactions. Homology studies indicated that the C. acetobutylicum gene controlling metronidazole sensitivity encoded a repressor protein that was similar to the Lac1 family of repressor proteins. The C. acetobutylicum gene, which was termed regA, appears to be the first repressor protein of this type from C. acetobutylicum to be reported. The conserved amino acid residues associated with the LacI-type DNA-binding region were present in the amino-terminal portion of the predicted amino acid sequence of the regA gene.
The complementation of the supH mutation in E. coli Leu-strains by the C. acetobutylicum regA gene provides a mechanism for the control of metronidazole sensitivity by the C. acetobutylicum regA repressor protein in E. coli. It has been shown that a supH mutation renders E. coli sensitive to UV irradiation and high temperatures. It appears that a supH mutant is therefore unable to produce a DNA-repair protein, unless the shl repressor is present (Leclerc et al., 1989) . We propose that the C. acetobutylicum
RegA protein fortuitously functions as a repressor of the supHmutation in an analogous fashion to the Shl repressor protein. It has been demonstrated that E. coli strains which are unable to produce a fully functional complement of DNA-repair proteins show increased sensitivity to metronidazole (Jackson etal., 1984; Yeung etal., 1984) . By indirectly inhibiting the production of a UV-repair protein, the presence of regA renders E. coli F19 sensitive to metronidazole.
The deduced amino acid sequence of the C. acetobutylicum regA gene showed the highest homology to the B. subtilis and B. megaterium CcpA proteins, which act as negative regulators controlling amylase production by the amzE genes in response to glucose. Transductants containing the intact regA gene on pCarl were able to complement a B. subtilis ccpA mutant, and showed repression of amylase activity in the presence or absence of glucose. Transductants containing truncated versions of regA on pCar2 or pCar3 were unable to repress amylase activity, irrespective of the presence or absence of glucose, indicating that the flanking regions of the regA gene did not contain additional genes which affected the production of amylase by the B. subtilis ccpA mutant, and that the intact regA gene was required for the repression of amylase activity. The other phenotype associated with the B. subtilis ccpA gene, regulation of acetolactate synthase expression, was complemented by the C. acetobutylicum regA gene in liquid medium. It is concluded that the C. acetobutylicum regA gene is able to complement the B. subtilis ccpA mutation, albeit somewhat differently in the case of glucose repression of amylase synthesis.
The complementation of the B. subtilis ccpA mutant by the C. acetobutylicum regA gene suggested that it may be involved in the regulation of starch degradation in C. acetobutylicum. Experiments carried out in E. coli DH5a transformed with two plasmids, pCarl containing the regA gene, and pStarl, containing an uncharacterized C. acetobutylicum gene capable of degrading and solublizing starch, showed that the RegA protein repressed the degradation of starch. Further experiments are under way to elucidate the specific role of this starch-degrading enzyme in C. acetobutylicum.
It is interesting that in B. subtilis it has recently been reported that CcpA is involved in the regulation of the acetate kinase gene (Grundy e t al., 1993) . Acetate kinase is part of a pathway for the interconversion of acetyl-CoA and acetate. In this pathway, acetyl-CoA is initially converted to an acetyl phosphate intermediate by phosphotransacetylase, and then converted to acetate by acetate kinase. Since this biochemical pathway has a critical role in the physiology of C. acetobutylicum , it will be important to establish whether RegA is involved in the regulation of acetate production as well as the utilization of carbohydrate substrates.
